Cytochrome P450 2C9 (CYP2C9) metabolizes many clinically important drugs including warfarin and diclofenac. We have recently reported a new allelic variant, CYP2C9*35, found in a warfarin hypersensitive patient with Arg125Leu and Arg144Cys mutations. Here, we have investigated the molecular basis for the functional consequences of these polymorphic changes. CYP2C9.1 and CYP2C9-Arg144Cys expressed in human embryonic kidney 293 cells effectively metabolized both S-warfarin and diclofenac in NADPHdependent reactions, whereas CYP2C9-Arg125Leu or CYP2C9.35 were catalytically silent. However, when NADPH was replaced by a direct electron donor to CYPs, cumene hydroperoxide, hereby bypassing the CYP oxidoreductase (POR), all variant enzymes were active, indicating unproductive interactions between CYP2C9.35 and POR. In silico analysis revealed a decrease of the electrostatic potential of CYP2C9-Arg125Leu-POR interacting surface and the loss of stabilizing salt bridges between these proteins. In conclusion, our data strongly suggest that the Arg125Leu mutation in CYP2C9.35 prevents CYP2C9-POR interactions resulting in the absence of NADPH-dependent CYP2C9-catalyzed activity in vivo, thus influencing the warfarin sensitivity in the carriers of this allele.
INTRODUCTION
Cytochrome P450s (CYPs) are heme-containing enzymes that play important roles in the conversion of many xenobiotics and endogenous compounds into the corresponding hydroxylated metabolites. The reducing equivalents used in such enzymatic reactions are supplied by NADPH via CYP oxidoreductase (POR), 1 which directly interacts with CYPs. In addition to NADPH, certain organic hydroperoxides can also support the CYP-dependent hydroxylation of various drugs and fatty acids in the peroxidasetype reaction, bypassing POR as an electron carrier. 2 This peroxidedependent pathway is known as a 'peroxide shunt'. 3 The CYP2C subfamily accounts for about 18% of total CYP proteins in human liver microsomes. 4 CYP2C9 is one of the most abundant CYP enzymes in the liver responsible for approximately 12.8% of the metabolism of clinically important drugs including warfarin, losartan and diclofenac. 5 Warfarin is a worldwide prescribed anticoagulant, largely utilized for long-term treatment and prevention of thromboembolic events. However, warfarin treatment needs a constant clinical follow-up because of its narrow therapeutic range and high interindividual variability in the drug dose required for the therapeutic effect. This variability is thought to be dependent on both environmental and genetic factors, with the latter having an important role. 6 CYP2C9 has been demonstrated to be polymorphic in several populations. Frequencies of variant CYP2C9 alleles in Caucasian are about 17% for CYP2C9*2 (characterized by a Arg144Cys aminoacid change) and 6% for CYP2C9*3 (Ile359Leu). 5 Both homozygote and heterozygote carriers of these two variants have been shown to have altered drug metabolism, for example, reduced warfarin clearance and lower daily dose requirement. 7, 8 The CYP2C9*2 and *3 variant alleles cause significantly decreased activity toward many other drugs, such as diclofenac, 9 losartan 10 and others. 11, 12 The molecular and structural basis for altered catalytic properties of polymorphic CYP enzyme variants is often poorly studied. However, the recent advances in resolution of three-dimensional structures of many CYPs including CYP2C9 13, 14 allowed the development of various computational approaches that are currently applied for quantitative prediction of pharmacokinetics, interaction between the enzyme and its substrates, and also redox partners. [15] [16] [17] [18] [19] Thus, molecular dynamic simulations and subsequent substrate-docking simulations have been performed to clarify the mechanisms of enzymatic activity decrease in the different allelic variants of CYP2C9. 20 Amino-acid substitutions in these proteins were found to increase the fluctuation of the residues responsible for the substrate holding and alteration of the substrate-binding pocket. 20 Recently, we have described warfarin hypersensitivity in one Italian patient at the Centre of Haemostasis and Thrombosis of PTV (Policlinico Tor Vergata, Rome, Italy), who required only 2.25 mg warfarin per week to achieve therapeutic anticoagulation effect, a dose that is substantially below the normal prescription range. 21 Sequencing of genes encoding enzymes involved in warfarin metabolism revealed a novel CYP2C9 allele designated as CYP2C9*35 (http://www.cypalleles.ki.se/). It represents a novel CYP2C9 variant carrying the Arg144Cys substitution present in CYP2C9*2 allele, and in addition also an Arg125Leu substitution. 21 In silico analysis suggested that Arg125Leu substitution might cause reduction of the positive potential of CYP2C9-POR interaction surface preventing the POR recognition, and negatively affecting the CYP2C9 activity toward warfarin.
The purpose of this study was to validate experimentally this hypothesis using in vitro cell system expressing several CYP2C9 variant enzymes in combination with extended structural bioinformatics analysis based on the crystal structure of CYP2C9. The data show complete abolition of NADPH-dependent hydroxylation of two CYP2C9 substrates, S-warfarin and diclofenac in human embryonic kidney 293 (HEK293) cells expressing CYP2C9-R125L, whereas the activity was recovered by direct CYP activation using CuOOH, compliant with ineffective CYP2C9-POR interactions as a main cause of abnormal warfarin hypersensitivity associated with the CYP2C9.35 variant.
MATERIALS AND METHODS

Chemicals and reagents
S-warfarin, 7
0 -hydroxywarfarin, diclofenac sodium salt, 4 0 -hydroxydiclofenac, cumene hydroperoxide, acetonitrile and phosphoric acid were obtained from Sigma-Aldrich (Sigma-Aldrich Sweden AB, Stockholm, Sweden). Losartan carboxylic acid (E-3174) was purchased from Santa Cruz Biotech (Dallas, TX, USA). QuikChange Lightning Site-Directed Mutagenesis Kit was purchased from Stratagene (La Jolla, CA, USA). HEK Flp-Int-293 cell line, Lipofectamine 2000 and cell medium were purchased from Invitrogen (Life Technologies Europe BV, Stockholm, Sweden). All solvents for high-performance liquid chromatography (HPLC) assay were obtained from Merck KGaA (Darmstadt, Germany).
Molecular cloning and site-directed mutagenesis
Human CYP2C9 cDNA was introduced into pcDNAt5/FRT, commercial FlpInt expression vector (Invitrogen), using restriction enzymes KpnI and NotI. CYP2C9-R125L, CYP2C9-R144C (CYP2C9*2) and CYP2C9-R125L/R144C (CYP2C9*35) genetic variants were constructed from pcDNA5/FRT-CYP2C9 (CYP2C9*1) with a QuickChange Lightning Site-Directed Mutagenesis Kit (Stratagene). The mutations were introduced using mutagenic primers (mutations in bold), 5 0 -GGAAGGAGATCCGGCTTTTCTCCCTCATGACG-3 0 for Arg125Leu (G374T) and 5 0 -GAGGAGCATTGAGGACTGTGTTCAAGAGGAAGC-3 0 for Arg144Cys (C430T). These variant cDNAs were subcloned and correct mutagenesis was confirmed by DNA sequencing.
Generation of stable CYP2C9 Flp-Int-293 cells
Following the manufacturer's guidelines, Flp-Int-293 cells were cultured in Dulbecco's modified Eagle's medium with 10% fetal bovine serum (Cat. no. 10106; Invitrogen), 100 U ml À 1 penicillin-streptomycin and zeocin (100 mg ml ) in the complete Dulbecco's modified Eagle's medium containing 10% fetal bovine serum and 100 U ml À 1 penicillin-streptomycin including 2 mM L-glutamine. Empty pcDNAt5/FRT was transfected in the same manner to produce mock-Flp-Int-293 cells as a negative control.
Western blot analysis
Total cell lysates were prepared using radio immunoprecipitation assay buffer (pH 8.0) (50 mM Tris-HCl, 150 mM NaCl, 1% NP-40, 0.5% sodium deoxycholate, 0.1% SDS, 0.5 mM EDTA) containing Complete Protease Inhibitor Cocktail (Roche Diagnostics, Mannheim, Germany) and total protein concentration was estimated by Bradford method. 22 Cell lysates or microsomes containing 20 mg of total protein were separated on 12% SDSpolyacrylamide gel and transferred to the nitrocellulose membrane (Hybond-C; Amersham Biosciences AB, Uppsala, Sweden). Membranes were probed with primary antibodies against CYP2C (a-hCYP2C, 1:1000; Edwards et al.
23
) and goat anti-rabbit secondary antibody conjugated to horseradish peroxidase (1:5000, Dako Cytomation, Glostrup, Denmark). Chemiluminescence was developed by SuperSignal West Pico (Pierce Chemical, Rockford, IL, USA) and visualized by the Fuji LAS 1000 (Fujifilm, Stockholm, Sweden) gel documentation system.
Isolation of microsomal fraction
Confluent cells from 150 mm dishes were washed with phosphate-buffered saline and scraped into eppendorf tubes. After centrifugation at 3000 r.p.m. in cold room for 5 min, the cell pellet was resuspended in 400 ml of buffer containing 20% glycerol, 1 mM EDTA, 10 mM Tris-HCl (pH 7.4), followed by sonication and centrifugation (9000 g, 20 min, 4 1C). The supernatant was centrifuged again at 105 000 g for 1 h (4 1C). The microsomal fraction pellet was resuspended in 50 mM potassium phosphate buffer (pH 7.4).
CYP2C9 mediated S-warfarin oxidation
Microsomes containing 300 mg of total protein were preincubated with different concentrations (0-40 mM) of S-warfarin in 10 mM potassium phosphate buffer (pH 7.4) at 37 1C for 5 min. The enzymatic reaction was initiated by adding 1 mM NADPH and carried on for 90 min at 37 1C in a total volume of 100 ml. The reaction rate was linear for up to 90 min. Alternatively, NADPH was substituted for cumene hydroperoxide (0.1-1 mM) and incubated with 10 mM of S-warfarin for up to 15 min. The reaction was stopped by adding 100 ml of ice-cold methanol containing E-3174, which was used as an internal standard for HPLC analysis.
After centrifugation at 17 000 g for 5 min, 30 ml of supernatant was injected into Zorbax 300SB-C18 (4.6 Â 150 mm, 5 mm) column. HPLC analysis was carried out as in Lang and Bocker 24 with minor modifications. The mobile phase consisted of acetonitrile-1% phosphoric acid (38:62, v v À 1 ). The flow rate was 1 ml min À 1 , fluorimetric detection at an excitation wavelength of 320 nm and an emission wavelength of 415 nm.
24,25 Spiked 7 0 -hydroxywarfarin, E-3174 and S-warfarin were eluted at 4.3, 5.5 and 8.3 min, respectively. The limit of detection was 18.99 pg (0.05 pmol) per injection. These data were further normalized by corresponding amounts of CYP2C9 variant proteins.
CYP2C9 mediated diclofenac oxidation
Microsomes containing 300 mg of total protein were preincubated with different concentrations (0-40 mM) of diclofenac in 10 mM potassium phosphate buffer (pH 7.4) at 37 1C for 5 min. The enzymatic reaction was initiated by adding 1 mM NADPH and carried on for 30 min at 37 1C in 100 ml of total reaction volume (diclofenac hydroxylation rate remained linear during this incubation period). Alternatively, NADPH was substituted for cumene hydroperoxide (0.1-1 mM) and reaction was carried on for up to 15 min in the presence of 10 mM diclofenac. The reaction was terminated by the addition of 20 ml of 30% acetonitrile containing internal standard and freezing in dry ice. Samples were acidified with 12 ml perchloric acid (0.5 M) and used further in the HPLC reverse phase system including Varian ProStar 310 UV-visible detector (UV 280 nm). After centrifugation (17 000 g for 10 min), 20 ml of acidified supernatant was injected into Zorbax 300SB-C18 (4.6 Â 150 mm, 5 mm) column and separated using isocratic mobile phase (20 mM phosphoric acid (pH 2.1): acetonitrile (58:42)), flow rate, 1 ml min À 1 (modified from Yasar et al. 9 ). The peaks of diclofenac and its metabolite, 4 0 -hydroxydiclofenac were identified by spiking with standard compounds (Sigma). Quantification of 4 0 -hydroxydiclofenac (R t ¼ 4.3 min) was based on peak area measurements using linear calibration curves obtained with pure reference compounds and normalized by internal standard (S-warfarin, R t ¼ 5.5 min). The limit of detection was 1.03 pg (3.3 pmol) per injection of 4 0 -hydroxydiclofenac. These data were further normalized by the corresponding amounts of CYP2C9 variant proteins.
Data analysis
Apparent Michaelis-Menten constants K m , V max and intrinsic clearance (CL int , V max /K m ) were estimated by nonlinear regression analysis using Michaelis-Menten model (GraphPad Prism v.5.0; GraphPad Software, La Jolla, CA, USA). Statistical significance was assessed by using paired two-tailed t-test (GraphPad Prism).
Computational analysis: modeling of the CYP2C9 variant protein structures
The X-ray structure of the substrate-free CYP2C9 (PDB ID: 1OG2) 13 has been used as a template to model the structures of the Arg125Leu and Arg125Leu-Arg144Cys variants. The modeling procedure has been carried out using SYBYL 6.0 software (Tripos 1699, St Louis, MO, USA).
Modeling of the CYP-POR complex
The complex between the substrate-free CYP2C9 (PDB ID: 1OG2) 13 and the human flavine mononucleotide (FMN) binding domain (PDB ID: 1B1C) 26 of POR has been modeled using the corresponding complex from Bacillus megaterium (PDB ID: 1BVY) as a reference structural template. 27 The human FMN-binding domain of POR and CYP2C9 have been structurally aligned on the corresponding bacterial complex using the Matchmaker tool of the UCSF Chimera program that constructs pairwise sequence alignments and uses them to superimpose the structures. 28 Residues that are located in the human complex interface have been identified using the NACCESS program, 29 calculating their solvent exposure both in the complex and in the isolated structures. The model interface has been refined using the HADDOCK docking program. 30 
Calculation of electrostatic potential
The atomic charges for the protein atoms have been assigned through the program PDB2PQR 31 using the AMBER force field. 32 The heme charges have been obtained from an ad hoc developed AMBER-compatible force field. 33 The electrostatic potential contour diagrams, calculated at 2.0kT/e for the CYP2C9.1 and variant proteins, have been obtained using the APBS (Advanced Poisson Boltzman Solver) free software, 34 applying the standard parameters (www.poissonboltzmann.org). Figure S2A ) mediated by CYP2C9.1 and CYP2C9-R144C followed the Michaelis-Menten kinetics, which is in line with previously reported data. 9, 11, 12 However, the rate of both S-warfarin and diclofenac metabolism in the presence of CYP2C9 variants containing the Arg125Leu substitution, that is, CYP2C9-R125L and CYP2C9.35, was at the level of the background activity in the mock-transfected cells (Figure 2 and Supplementary  Figures S1A and S2A) . Identical results were obtained using yet another CYP2C9 substrate, losartan (results not shown).
RESULTS
Generation
Enzymatic activities of CYP2C9-R125L and CYP2C9.35 toward S-warfarin and diclofenac are recovered by replacing NADPH with cumene hydroperoxide It has been suggested that the loss of CYP2C9.35 catalytic function is most probably connected with the weak interactions between CYP and POR rather than the impaired substrate binding. 21 To validate this hypothesis NADPH was replaced by CuOOH that can supply electrons to CYPs, circumventing POR ('peroxide shunt' 3 ). The metabolism of both substrates in the presence of CuOOH was monitored for 15 min as longer incubations led to a sharp decline of enzymatic activity (Figure 3) , apparently due to a rapid heme inactivation by CuOOH. 2, 35 In line with previous reports, 12 we observed CYP2C9.1-and CYP2C9-R144C-dependent hydroxylation of S-warfarin to 7 0 -hydroxywarfarin in the presence of CuOOH similarly to NADPH-stimulated reaction. Strikingly, the same metabolite albeit at different levels was produced also in the 49 (immunodetection of ERp29 was used as a loading control because of the widespread and stable expression of ERp29 in all known cell types). 49 HLM, human liver microsomes (2 mg of total protein) were used as a positive control. Figure S1) . Interestingly, the CYP2C9-R125L activity levels were comparable with those of CYP2C9.2 and CYP2C9.1, whereas corresponding rates for CYP2C9. 35 were lower apparently because of the potential additive effect of both mutations. Similar results were observed with diclofenac ( Figure 3b and Supplementary Figure S2) . However, there was a difference in the relative efficiency of CuOOH-dependent catalytic activity of CYP2C9.35 and CYP2C9-R125L toward warfarin as compared with diclofenac ( Figure 3 ). This might be inherent in some structural characteristics of these variant proteins affecting binding of warfarin but not diclofenac. In addition, also hydrogen peroxide (10 mM) was able to support the CYP2C9.35 catalytic activity, albeit with lower efficiency (results not shown). These data clearly indicate that the substrate interactions with these variant enzymes are not altered, suggesting impaired electron transfer from POR to CYP2C9. 35 .
In silico analysis of Arg125Leu role in CYP2C9-POR interaction
In silico structural analysis of CYP2C9, carrying either Arg125Leu or Arg125Leu/Arg144Cys amino-acid changes, has been carried out to provide a detailed explanation of the structural/functional effects produced by the Arg125Leu mutation. Figure 4a represents a cartoon style structural model of all three CYP2C9 variants based on the available 3D structure of CYP2C9 (PDB ID: 1OG2). Calculation of the electrostatic surface showed considerably smaller positive potential area above the helix C of CYP2C9-R125L as compared with CYP2C9.1 (Figure 4b ). At the same time, the electrostatic potential of the region representing the access channel of the incoming substrate that involves loops between helices B and C and helices F and G 13 is identical in the mutant and wild-type CYP2C9 variants (Figure 4c) .
It was earlier shown that the surface locus of many CYPs, having a number of positively charged amino acids, for example, arginines, corresponding to the Arg125 in CYP2C9, are involved in CYP-POR interactions. 36, 37 To analyze the effect of the Arg125Leu/Arg144Cys amino-acid changes on this interaction, a model of CYP2C9 13 complexed with the FMN-binding domain of POR 26 has been built using the complex between the CYP-and FMN-binding domain of POR from Bacillus megaterium as a template. 27 The resulting model indicates that the CYP2C9 surface region containing Arg125, with an altered electrostatic potential surface in the CYP2C9-R125L (Figure 4) , is involved in the interaction with the FMN-binding domain of POR (Figure 5a ). Further refinement of this model with protein-protein docking showed that Arg125 strongly contributes to the stabilization of heterodimeric complex where it is directly involved in the formation of two salt bridges with Glu32 and Glu56 of the FMNbinding domain (Figure 5b) . Analysis of the electrostatic potential distribution on the two interacting surfaces indicates high electrostatic complementarity (Supplementary Figure S3) . However, in the Arg125Leu variant the electrostatic complementarity and the salt bridges are lost, suggesting a reduced ability of interaction with the FMN-binding domain.
DISCUSSION
We have recently reported a novel CYP2C9-R125L/R144C polymorphism found in a warfarin hypersensitive patient, 21 which was defined as the new CYP2C9*35 allele. The hypothesis was put forward that the warfarin hypersensitivity might be explained by the reduced metabolic capacity of CYP2C9 due to the amino-acid exchanges. Indeed, here we showed that the expression of CYP2C9 variants containing Arg125Leu and Arg125Leu/Arg144Cys substitutions led to the enzyme inactivation in the NADPHdependent reactions. We have previously proposed 21 that the apparent lack of in vivo activity of CYP2C9.35 might be connected with impaired interaction between CYP2C9 and POR. The finding that CYP2C9.35 was capable to hydroxylate both S-warfarin and diclofenac in CuOOH-supported reactions indicate that this indeed is the case. In addition, the structural models presented here suggest a rearrangement of electrostatic surface of the proximal locus in CYP2C9-R125 as an underlying mechanism for the impaired CYP-POR interactions.
Arginine at the position 125 in CYP2C9 is one of the key residues that has been discussed for long time as one of the functional binding sites of P450 enzymes with their redox partners, such as cytochrome b 5 (cyt b 5 ) and POR. 38 Arg125 is strongly conserved not only between the human CYP2 family members but also with homologous CYPs from mouse (CYP2A5) and rabbit (CYP2B4) (Figure 6 ). Thus, in CYP2A5, mutation of the corresponding residue, Arg129, to serine decreased the ability of CYP2A5 to bind to cyt b 5 -conjugated Sepharose 4B. 39 In CYP2B4, six mostly basic residues corresponding to residues Lys121-Lys138 in CYP2C9 ( Figure 6 ) and, in addition Arg433, were suggested as candidate amino acids for binding to cyt b 5 and POR. 37, [40] [41] [42] Bridges et al. 37 mutated several hydrophobic and basic solvent-exposed amino acids of CYP2B4 including Arg126 (Figure 6 ) that is located in the mobile C-helix on the proximal surface of CYP2B4 36 and found decreased metabolism of methoxyflurane in the presence of POR. Although substrates could bind normally to these mutant proteins, the interactions with both POR and cyt b 5 were drastically decreased with the increase in the dissociation constant between the interacting partners by 13-and 22-fold, respectively. 37 However, upon the addition of excess of P450 oxidoreductase to the reaction mixture, the V max returned to control values, indicating that the mutations did not affect the catalytic mechanism per se but the binding to redox partners. 37 These mutations are likely to cause local structural and electrostatic perturbations that would contribute to the decrease in the binding of the mutant P450s to cyt b 5 .
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Our structural analysis confirms and extends this hypothesis. We show that the Arg125Leu amino-acid change strongly contributes to the decrease of electrostatic potential of CYP2C9 proximal surface that is complementary to the corresponding negatively charged surface of FMN-binding domain of POR (Supplementary Figure S3) . As shown in Figure 5b , such loss of electrostatic interaction results in the disruption of important salt bridges between the two proteins. This may lead to destabilization of CYP-POR complex and hinder the electron transport between them. This mutation however had no impact on the substrate binding loci of CYP2C9, which suggests that elimination of the positively charged Arg125 cannot perturb the substrate-enzyme interaction.
Another argument in favor of the altered CYP-POR interactions and not the substrate binding site modification is that in the presence of NADPH, CYP2C9.35 and CYP2C9-R125L remained catalytically silent with all three substrates used in this study, that is, S-warfarin, diclofenac and losartan. It is known that despite the docking of these structurally diverse molecules occurs in the same binding site cavity, their orientation in this channel and interacting amino-acid residues are very different. 13, [43] [44] [45] [46] Therefore, the conformational impact of Arg125Leu substitution on the substrate binding could unlikely be identical for all of these three molecules.
In addition to Arg125Leu, the CYP2C9.35 variant protein includes an Arg144Cys change. The CYP2C9 variant that contains only this mutation is known as CYP2C9.2 and its expression causes a moderately reduced enzyme activity toward several substrates including warfarin, diclofenac and losartan. 9, 11, 47 This is in line with our data obtained in the HEK293 cell system showing reduced activity of CYP2C9-R144C toward S-warfarin in NADPH-PORsupported system. However, the structural basis for the reduced catalytic activity of CYP2C9-R144C remains elusive. Earlier reports attempted to explain such reduction by the altered interaction between CYP2C9 and POR 12 or differences in spin state of CYP2C9. 48 Our data partially supports the former assumption as in the CuOOH peroxide shunt system the activity of CYP2C9-R144C was restored to CYP2C9.1 levels (results not shown). However, in contrast to Arg125, this residue is not fully solvent exposed and therefore its contribution to the overall positive electrostatic potential of the CYP-POR interacting surface is negligible. It could be speculated that in the CYP2C9-R144C mutant, reactive cysteine might be involved in the fortuitous interactions with POR and/or with other molecular partner, thus reducing the probability of the formation of correct CYP2C9-FMN-binding domain binary complex. Alternatively, it has been suggested that this mutation may interfere with substrate binding via the expansion of the substrate-binding pocket and increased fluctuations of several important residues responsible for substrate holding, as observed in a previous molecular dynamics simulation study. 20 In conclusion, our data demonstrate that the Arg125Leu change in CYP2C9.35 strongly augments the modest inhibitory effect of the Arg144Cys mutation found in the carriers of CYP2C9*2 allelic variant. The in silico structural as well as the in vitro analyses suggest impaired functional CYP2C9-POR interaction as a major molecular mechanism behind such inhibitory effect. Despite the seemingly low population frequency of CYP2C9*35, it should be noted that this number could be higher as many subjects identified as a CYP2C9*2 genotype might also have the additional R125L substitution and therefore may have been misclassified. Thorough genotyping for the presence of both polymorphic changes might therefore facilitate more accurate warfarin dosing using this allele as a specific genetic biomarker. Figure 6 . Alignment of the amino-acid sequences representing the interaction surface of various cytochrome P450s (CYPs) with CYP oxidoreductase (POR). Alignment includes CYPs from human 2C family and the homologous mouse (CYP2A5) and rabbit (CYP2B4) proteins. Identical or similar amino acids suggested to be involved in interaction with POR are highlighted in gray.
